Introduction
============

The possible relationship between vitamin D and cognitive function has gained attention because of the discovery of the vitamin D receptor and vitamin D hydroxylase in the brain.[@b1-cia-13-2075],[@b2-cia-13-2075] Data from animal and in vitro studies indicate that vitamin D plays a role in brain function by regulating neurotrophic factors, regulating neurotransmission, and affecting synaptic plasticity.[@b3-cia-13-2075],[@b4-cia-13-2075] However, population-based epidemiological studies have not drawn consistent conclusions on the link between serum vitamin D deficiency and cognitive impairment.[@b5-cia-13-2075]--[@b7-cia-13-2075] An important contributor to this inconsistency is the difficulty in measuring long-term individual vitamin D status. Serum 25-hydroxyvitamin D \[25(OH)D\] concentration, an accepted index of vitamin D status, has a half-life of only approximately 2--3 weeks.[@b8-cia-13-2075] However, the development of cognitive impairment is a gradual and long-term process. Thus, using 25(OH)D to establish the relationship between vitamin D and cognitive function is inappropriate. Longitudinal or prospective studies may determine this relationship; however, such studies are difficult to carry out. Skin exposure to solar ultraviolet radiation (UVR) is the primary source of vitamin D synthesis. Sun exposure behaviors, such as taking sun-protective measures or gaining more sun exposure, have a substantial effect on evaluating individual long-term vitamin D status. Moreover, Kenborg et al[@b9-cia-13-2075] reported that outdoor work was associated with a decreased risk of Parkinson's disease. Therefore, we hypothesized that people with more sun exposure would have better cognitive performance. In this study, we collected data on individual sun exposure behaviors and assessed cognitive function among rural-dwelling elderly population in Shenyang, a northeastern city in People's Republic of China.

Materials and methods
=====================

Participants
------------

Participants were from the Sujiatun District (a rural suburb of the city of Shenyang, Liaoning province, 40° N, 123° E) in Northeast China. Local residents who were native born and aged 60 years and over were invited to participate. Exclusion criteria included clinical diagnosis of dementia, Alzheimer's disease, Parkinson's disease, cerebral hemorrhage, or cerebral infarction within 6 months, inability to walk independently, and inability to understand or answer the study questionnaires. This study was approved by the ethics committee of China Medical University. All participants signed an informed consent form before participating in this study.

Data collection
---------------

Demographic factors, including age, gender, and total number of schooling years, were recorded. Body weight and height were self-reported, and body mass index (kg/m^2^) was calculated. History of hypertension and diabetes was also recorded. Lifestyle information included smoking history and alcohol consumption.

Participants were asked to summarize their sun exposure habits before age 60. Five questions were used to measure participants' sun exposure and sun-protective behaviors ([Table S1](#SD1-cia-13-2075){ref-type="supplementary-material"}). First, participants were asked the time of day they usually engage in outdoor activities (question 1). The response options were "6:00--8:00," "8:00--11:00," "11:00--13:00," "13:00--16:00," and "16:00--18:00." Participants could choose more than one response option. They were then asked how long they usually spent engaging in outdoor activities at daytime in winter (question 2) and in other seasons (question 3). The response options for these two questions were ",0.5 hour," "0.5--1 hour," "1--3 hour," "3--6 hour," and "more than 6 hours." The participants were also asked with the following questions: "When you were outside on sunny days, how often did you ..." "... wear long-sleeved clothes?" (question 4) and "... seek shade?" (question 5). For questions 4 and 5, the responses were measured on a five-point scale ranging from 1 (never) to 5 (always).

The consumption behavior for foods rich in vitamin D (including oily fish, eggs, liver, and mushrooms) before age 60 was recorded. The participants were also asked whether they had ever used vitamin D supplements before age 60.

Global cognitive function assessment
------------------------------------

The Mini-Mental State Examination (MMSE) was used to assess the participants' global cognitive performance. MMSE was originally developed by Folstein et al,[@b10-cia-13-2075] and the Chinese version of MMSE used in this study was modified by Zhang et al.[@b11-cia-13-2075] MMSE is a brief and widely used cognitive screening tool and is suitable for older populations. It consists of 30 items and assesses orientation, memory, attention and calculation, recall, and language. Scores range from 0 to 30, with higher scores indicating better cognitive function.

Functional ability assessment
-----------------------------

The participants' functional ability was assessed by the Activity of Daily Living scale,[@b12-cia-13-2075] which includes six items from the Physical Self-maintenance Scale and eight items from the Instrumental Activities of Daily Living. Each item was coded on a four-point scale ranging from 1 (independent) to 4 (totally dependent). Physical Self-maintenance Scale assesses the ability of toileting, eating, dressing, grooming, ambulation, and bathing. Instrumental Activities of Daily Living assesses the ability of using the telephone, shopping, preparing meals, doing housework, taking public transportation, washing clothes, handling finances, and taking medicines. Scores range from 14 to 56, with higher scores indicating greater impairment in functional capacity.

Statistical analysis
--------------------

Partitioning cluster analysis was used to define three groups of participants on the basis of their sun exposure behaviors. One-way analysis of variance or χ^2^ test was used to compare the characteristics of the participants from the three sun exposure behavior groups (low-, medium-, and high-sun-exposure groups). One-way analysis of variance, followed by Tukey's post hoc test, was used to compare the level of global cognitive function between the sun exposure behavior groups. Cognitive function was classified by tertiles of MMSE score: 2= "low" (≤23), 1= "medium" (24--27), and 0= "high" (\>27). Ordinal logistic regression was used to determine the association between sun exposure behavior and global cognitive function. All statistical analyses were performed using R software, version 3.4.0 (R Foundation, Vienna, Austria). All *P*-values were two sided, and values \<0.05 were considered statistically significant.

Results
=======

Participant characteristics
---------------------------

Among the 1,192 participants included in the analysis, 553 (46%) were male; the mean participant age was 69.5±5.7 years. The characteristics of the participants are summarized in [Table 1](#t1-cia-13-2075){ref-type="table"}.

Cluster analysis
----------------

[Figure 1](#f1-cia-13-2075){ref-type="fig"} shows the subgroup profiles among the sun exposure behavior groups. The participants in the high-sun-exposure group reported the least sun-protective behaviors, had the longest sun exposure time in both winter and other seasons, and usually spent time outdoors in the morning (8:00--11:00) and afternoon (13:00--16:00). The participants in the low-sun-exposure group had the most positive sun-protective behaviors, had the shortest sun exposure time, and mainly spent time outdoors in the early morning (6:00--8:00) and late afternoon (16:00--18:00).

Cognitive function by sun exposure group
----------------------------------------

The MMSE score of the participants in the high-sun-exposure group was the highest (MMSE =25.4), followed by the MMSE scores of the participants in the low-sun-exposure group (MMSE =24.4) and the medium-sun-exposure group (MMSE =24.2; [Figure 2](#f2-cia-13-2075){ref-type="fig"}). The difference in MMSE scores between groups was significant (high vs medium, *P*\<0.001; high vs low, *P*=0.045), with the exception of the difference between the low- and medium-sun-exposure groups (*P*=0.833).

Participant characteristics by sun exposure group
-------------------------------------------------

[Table 1](#t1-cia-13-2075){ref-type="table"} shows the characteristics of the participants by sun exposure category. The participants in the high-sun-exposure group had shorter schooling years; had higher prevalence of hypertension; more likely smoked; used to consume less oily fish, eggs and mushrooms; and had higher prevalence of vitamin D supplement use (*P*\<0.05).

Relationship between sun exposure behavior and cognitive function
-----------------------------------------------------------------

The results of the ordinal logistic regression analysis are shown in [Table 2](#t2-cia-13-2075){ref-type="table"}. No significant association was found between sun exposure behavior and cognitive function in the unadjusted model (model 1). In the regression model adjusted only for the total number of schooling years (model 2), the participants in the high-sun-exposure group were more likely to have better cognitive function than those in the low-sun-exposure group (OR: 0.56, 95% CI: 0.40--0.78), but such a difference did not exist between the medium- and low-sun-exposure groups. After adjusting for all potential confounders, more sun exposure showed a progressive improvement in cognitive function (medium-sun-exposure group: OR: 0.85, 95% CI: 0.61--1.18; high-sun-exposure group: OR: 0.50, 95% CI: 0.34--0.73; *P* for trend: 0.0014).

Discussion
==========

In this study, we found that participants who had the longest sun exposure time, reported the least sun-protective behaviors, and usually spent time outdoors in the morning and afternoon prior to age 60, were more likely to have better cognitive function.

Many large-scale cross-sectional studies have observed an association between low serum 25(OH)D concentrations and cognitive impairment.[@b13-cia-13-2075],[@b14-cia-13-2075] Although the assumption is often that low vitamin D status leads to cognitive impairment, cognitive impairment may actually decrease serum vitamin D concentrations because of reduced individual outdoor activity and, thus, sun exposure. This is because cognitive impairment is usually accompanied by a decline in physical function and ability to perform everyday activities.[@b15-cia-13-2075],[@b16-cia-13-2075] Moreover, serum 25(OH)D concentration reflects vitamin D status over the past few weeks only.[@b8-cia-13-2075] Collectively, these factors might result in inconsistent conclusions across studies. Because of the inherent challenges in long-term monitoring of individual vitamin D status in population-based surveys, in this study, we attempted to use an index to represent long-term vitamin D status.

Humans get vitamin D from sunlight exposure and diet. Many studies have explored the relationship between cognition and vitamin D from dietary intake,[@b17-cia-13-2075]--[@b19-cia-13-2075] whereas few have examined vitamin D from sunlight exposure.[@b9-cia-13-2075],[@b20-cia-13-2075] Because traditional Chinese diet is low in vitamin D and few foods on the Chinese market are fortified with vitamin D,[@b21-cia-13-2075],[@b22-cia-13-2075] sun exposure is the most important source of vitamin D for residents in People's Republic of China. To date, no accepted index to evaluate long-term vitamin D status is available. In this situation, examining sun exposure behaviors is a feasible method of assessing vitamin D exposure from sunlight.

Some factors such as solar zenith angle, duration of skin exposure to sunlight, and area of the skin exposed can influence vitamin D synthesis in the skin. The solar zenith angle changes with latitude, time of day, and season. A study performed in Boston, which is at a similar latitude to Shenyang, showed that the effect of vitamin D synthesis during the day followed a bell-shaped curve, with the most effective exposure time observed around noon.[@b23-cia-13-2075] In the present study, the percentage of participants who reported outdoor activity around noon (11:00--13:00) was comparable among the three sun exposure groups. The difference was that people in the high- and medium-sun-exposure groups were more likely to spend time outdoors in the morning (8:00--11:00) and afternoon (13:00--16:00). By contrast, those in the low-sun-exposure group engaged in more outdoor activities in the early morning (6:00--8:00) and late afternoon (16:00--18:00), during which time the synthesis of vitamin D in the skin is very low. Moreover, a study has found that at latitude above 35°, vitamin D synthesis in the skin during the winter months is very limited.[@b24-cia-13-2075] In winter, the solar zenith angle in Shenyang (latitude 40° N) is high. In addition, because of the low winter temperatures in Shenyang, residents dress warmly, and the exposed skin surface area is therefore very small. Consequently, almost no vitamin D can be synthesized in the skin during winter in Shenyang. The average daily outdoor activity time of the participants in the high-sun-exposure group was much longer than that of the participants in the other two groups, regardless of season. However, the difference between the medium- and low-sun-exposure groups was small in the three seasons, excluding winter. Thus, we can conclude that, compared with the participants in the low-sun-exposure group, those in the medium-sun-exposure group had no advantages in terms of vitamin D synthesis base on the duration of sun exposure. This may explain the absence of difference in cognitive function between the medium- and low-sun-exposure groups.

Sun-protective behaviors, which can reduce skin exposure to sunlight, affect vitamin D status. Wearing long-sleeved clothing and seeking shade may decrease serum 25(OH)D concentrations,[@b25-cia-13-2075],[@b26-cia-13-2075] but not frequent sunscreen use.[@b27-cia-13-2075],[@b28-cia-13-2075] Furthermore, in this study, few people reported "often" using sunscreen (10 of 1,192), and none reported "always" using sunscreen (data not shown). Therefore, among the sun-protective behaviors, only wearing long sleeves and seeking shade were taken into account. The results of the cluster analysis showed that the frequency of sun-protective behaviors was highest in the participants in the low-sun-exposure group. That might cause the participants in the low-sun-exposure group to obtain less vitamin D from sunlight.

Among the participants in the high-sun-exposure group, longer exposure to solar UVR at a lower solar zenith angle and engaging in fewer sun-protective behaviors provided opportunities to synthesize more vitamin D in the skin. The findings of the present study have thus led us to believe that high levels of serum vitamin D sustained over a long term may contribute to better cognitive functioning. Moreover, vitamin D is important to cardiovascular health,[@b29-cia-13-2075] and cardiovascular diseases are closely associated with cognitive impairment.[@b30-cia-13-2075],[@b31-cia-13-2075] We found that the participants in the low-sun-exposure group showed a higher MMSE score than those in the medium-sun-exposure group ([Figure 2](#f2-cia-13-2075){ref-type="fig"}). However, those in the low-sun-exposure group had the highest number of school years among the three sun exposure groups, suggesting a confounding effect of education. After adjusting for the number of school years attended, the participants in the high-sun-exposure group were more likely to have better cognitive function than those in the low-sun-exposure group. When all potential confounders were adjusted, the protective effect trend of sun exposure on cognitive function was more obvious, with *P* for trend of 0.0014; however, the participants in the medium-sun-exposure group still showed no statistically significant lower risk for poor cognitive function. Similar results were observed when compared with exclusive indoor work, participants with maximal outdoor work had decreased risks for Parkinson's disease, but participants with moderate outdoor work did not.[@b9-cia-13-2075] A possible reason for the difference between the medium- and high-sun-exposure groups could be that the effect of sun exposure on cognition is only manifested when the level of sun exposure is sufficiently high.

The prevalence of mild cognitive impairment is currently high among elderly populations globally,[@b32-cia-13-2075] and a high incidence of dementia has been found among individuals with mild cognitive impairment.[@b33-cia-13-2075] At present, there is no effective cure for dementia. Family caregivers and patients themselves are often subject to great physical, emotional, and economic pressures.[@b34-cia-13-2075] At the same time, vitamin D deficiency is a major public health issue worldwide.[@b35-cia-13-2075] Determining the role of vitamin D in slowing cognitive impairment can help in preventing this disease. Considering the long process of cognitive impairment development, keeping adequate vitamin D level is necessary for all ages.

The main strength of this study is that all participants were from the same region, minimizing the effect of various ambient UVR levels. Our study had a relatively large sample size of over 1,100 participants, which has improved the statistical power of our analyses. Furthermore, functional ability was controlled in the logistic regression analysis, because participants who had less cognitive function tended to be less active.

This study had certain limitations. First, potential recall bias existed because data on sun exposure behaviors and frequency of consumption of vitamin D-rich food before age 60 were obtained using retrospective survey questions. Moreover, survey results revealed that some participants had low cognitive function. The memory of these participants may thus have been somewhat impaired, although they did not meet the clinical criteria for dementia and could respond to survey questions autonomously, but also induced recall bias. Second, although some potential confounding variables such as sociodemographic characteristics, clinical status, health behaviors, and dietary factors were adjusted in the analyses, not all potential confounders were considered. Finally, this study was performed in a Chinese population, and the generalizability of these results to other ethnic groups remains uncertain.

Conclusion
==========

In conclusion, to the authors' knowledge, this is the first Chinese study to investigate the effect of sun exposure on cognition by evaluating individual sun exposure behaviors. The results demonstrate that participants with long-term high sun exposure have better cognitive functions. A hypothesis is that vitamin D may play a protective role.

Supplementary material
======================

###### 

Questions on sun exposure habits

  ----------------------------------------------------------------------------------------------------------------- ------------- -------------- -------------- -------------------
  1\. What times of day you usually engage in outdoor activities? (You can choose more than one response option.)                                               
  6:00--8:00                                                                                                        8:00--11:00   11:00--13:00   13:00--16:00   16:00--18:00
  2\. How long you usually spent engaging in outdoor activities at daytime in winter?                                                                           
  \<0.5 hour                                                                                                        0.5--1 hour   1--3 hour      3--6 hour      More than 6 hours
  \(1\)                                                                                                             \(2\)         \(3\)          \(4\)          \(5\)
  3\. How long you usually spent engaging in outdoor activities at daytime in other seasons?                                                                    
  \<0.5 hour                                                                                                        0.5--1 hour   1--3 hour      3--6 hour      More than 6 hours
  \(1\)                                                                                                             \(2\)         \(3\)          \(4\)          \(5\)
  4\. When you were outside on sunny days, how often did you wear long-sleeved clothes?                                                                         
  Never                                                                                                             Seldom        Sometimes      Often          Always
  \(1\)                                                                                                             \(2\)         \(3\)          \(4\)          \(5\)
  5\. When you were outside on sunny days, how often did you seek shade?                                                                                        
  Never                                                                                                             Seldom        Sometimes      Often          Always
  \(1\)                                                                                                             \(2\)         \(3\)          \(4\)          \(5\)
  ----------------------------------------------------------------------------------------------------------------- ------------- -------------- -------------- -------------------
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![Three clustered sun exposure profiles on (**A**) sun-protective behaviors and time spent outdoors and (**B**) temporal distribution of outdoor activities.](cia-13-2075Fig1){#f1-cia-13-2075}

![Distribution of MMSE scores among three sun exposure groups.\
**Abbreviation:** MMSE, Mini-Mental State Examination.](cia-13-2075Fig2){#f2-cia-13-2075}

###### 

Characteristics of participants by sun exposure category[a](#tfn1-cia-13-2075){ref-type="table-fn"}

  Characteristics                    Total        Sun exposure group   *P*-value[b](#tfn2-cia-13-2075){ref-type="table-fn"}                
  ---------------------------------- ------------ -------------------- ------------------------------------------------------ ------------ ---------
                                                                                                                                           
  N                                  1,192        240                  636                                                    316          
  Age, years                         69.5 (5.7)   69.6 (5.8)           69.7 (5.7)                                             69.0 (5.7)   0.159
  Male, N (%)                        553 (46.4)   110 (45.8)           288 (45.3)                                             155 (49.1)   0.537
  Schooling years, years             5.8 (2.8)    6.5 (3.1)            5.8 (2.7)                                              5.4 (2.7)    \<0.001
  BMI, kg/m^2^                       23.8 (3.0)   23.4 (2.9)           23.9 (3.1)                                             23.9 (2.8)   0.064
  Hypertension, N (%)                484 (40.6)   90 (37.5)            247 (38.8)                                             147 (46.5)   0.041
  Diabetes, N (%)                    131 (11.0)   22 (9.2)             65 (10.2)                                              44 (13.9)    0.137
  Smoking, N (%)                     368 (30.9)   59 (24.6)            201 (31.6)                                             108 (34.2)   0.044
  Drinking, N (%)                    349 (29.3)   67 (27.9)            188 (29.6)                                             94 (29.7)    0.873
  ADL                                16.3 (4.8)   16.2 (5.1)           16.5 (4.8)                                             15.9 (4.4)   0.123
  Oily fish, time/week               0.8 (0.8)    0.8 (0.6)            0.8 (1.0)                                              0.6 (0.6)    0.004
  Eggs, time/week                    4.1 (3.6)    5.3 (3.7)            4.1 (4.0)                                              3.3 (2.3)    \<0.001
  Liver, time/week                   0.3 (0.5)    0.3 (0.3)            0.3 (0.5)                                              0.2 (0.5)    0.083
  Mushrooms, time/week               0.7 (1.0)    1.0 (1.0)            0.6 (1.0)                                              0.5 (0.9)    \<0.001
  Vitamin D supplements use, N (%)   103 (8.6)    14 (5.8)             51 (8.0)                                               38 (12.0)    0.026

**Notes:**

Values are means (SD) unless otherwise noted.

*P*-values are from one-way ANOVA or χ^2^ trend tests, as appropriate.

**Abbreviations:** ADL, Activities of Daily Living; ANOVA, analysis of variance; BMI, body mass index.

###### 

Results of ordinal logistic regression on the effect of sun exposure behavior on cognitive function

  Sun exposure group   Model 1     Model 2      Model 3                              
  -------------------- ----------- ------------ ----------- ------------ ----------- ------------
                                                                                     
  Low                  Reference                Reference                Reference   
  Medium               1.19        0.90--1.58   1.09        0.82--1.45   0.85        0.61--1.18
  High                 0.73        0.53--1.01   0.56        0.40--0.78   0.50        0.34--0.73
  *P* for trend        0.0002                   \<0.0001                 0.0014      

**Notes:** Model 1: unadjusted. Model 2: adjusted for schooling years. Model 3: adjusted for schooling years, age, sex, BMI, hypertension, diabetes, ADL score, drink, smoke, diet intake and vitamin D supplement use.

**Abbreviations:** ADL, Activities of Daily Living; BMI, body mass index.
